Pulse wave velocity (PWV) and augmentation index are widely used measures of arterial stiffness. The purpose of this study was to evaluate the role of blood pressure as a determinant of both indices independent of potentially confounding factors including gender, age and cardiovascular disorders. A total of 77 young, healthy subjects were investigated under resting conditions. Augmentation index was derived by pulse wave analysis using carotid applanation tonometry. PWV was determined from pressure tracing over the carotid and femoral artery. The relations between stiffness markers and haemodynamic parameters were analysed by simple (r) and multiple (b) regression analysis. Using simple regression analysis, augmentation index was correlated to age (r ¼ 0.292, P ¼ 0.0105), diastolic blood pressure (DBP, r ¼ 0.483, Po0.0001), mean arterial blood pressure (MAP, r ¼ 0.381, P ¼ 0.0007), pulse pressure (r ¼ À0.414, P ¼ 0.0002) and total peripheral resistance (r ¼ 0.266, P ¼ 0.0204). After multiple regression analysis, augmentation index remained significantly correlated only to DBP (b ¼ 0.347, P ¼ 0.0051). Using simple regression analysis, PWV was correlated to age (r ¼ 0.304, P ¼ 0.0067), systolic blood pressure (r ¼ 0.280, P ¼ 0.0129). DBP (r ¼ 0.455, Po0.0001), MAP (r ¼ 0.446, Po0.0001) and heart rate (r ¼ 0.348, P ¼ 0.0018). After multiple regression analysis, PWV remained correlated only to age (b ¼ 0.218, P ¼ 0.0422) and DBP (b ¼ 0.4105, P ¼ 0.0316). In summary, DBP is an important determinant of augmentation index and PWV in young, healthy males. Further studies are needed to characterize the impact of blood pressure on arterial stiffness in other populations including females and older subjects.
Introduction
Stiffening of the arterial wall is an inevitable process that occurs during ageing 1 and is one major mechanism responsible for morbidity and mortality in cardiovascular disease. 2, 3 Thus, measuring arterial stiffness has become a widely used tool for investigating the function of large arteries in epidemiological and clinical studies. Arterial stiffness has been traditionally assessed by measuring pulse wave velocity (PWV), 4, 5 which has been shown to predict cardiovascular mortality in patients with essential hypertension and chronic renal failure. 6, 7 Although other measures of arterial stiffness have been developed such as characteristic impedance, 8, 9 PWV constitutes one of the most widely used surrogates of arterial stiffness.
Recently, a new technique, pulse wave analysis, has been developed that offers a simple way to measure arterial function. 1 Pulse pressure waves are recorded at a single conveniently exposed artery, such as the carotid artery, and used to calculate augmentation index, a measure that reflects the degree to which central arterial pressure is enhanced by wave reflection of the pulse wave. 1 This new technique is reproducible, noninvasive and increasingly used in clinical studies. 10, 11 A number of nonpathological factors influence augmentation index and PWV. It has been consistently reported that age, 1, 12 height, 13, 14 heart rate 15, 16 and gender 12, 14 influence augmentation index, whereas PWV appears to be a more robust stiffness measure influenced by fewer factors including age 1, 5 and heart rate. 17 However, despite the wide use of both augmentation index and PWV, there are controversial results in the literature regarding the relation between both stiffness measures and blood pressure, the classical haemodynamic parameter.
In some studies, augmentation index was found to be correlated to diastolic blood pressure (DBP) but not systolic blood pressure (SBP). 18, 19 Other studies reported that augmentation index was correlated to both SBP and DBP 20 or only to SBP. 21, 22 Interestingly, Cameron et al 21 found in a study population of 262 hypertensive subjects that augmentation index was correlated to DBP only in males and that this relation was lost when augmentation index was normalised for age. There are also inconsistent results in studies only measuring mean blood pressure. London et al 23 found augmentation index to be correlated to mean arterial pressure in patients with end-stage renal failure. In contrast, Wilkinson et al 24 did not find a correlation between augmentation index and mean arterial blood pressure in subjects with diabetes mellitus type 1. There is also conflicting evidence in the literature regarding the relation between PWV and blood pressure. Some studies showed that PWV was only correlated to SBP. 22, 25 Others found that PWV was correlated to both SBP and DBP 18 or was correlated to SBP in both men and women, but was correlated to DBP only in women. 26 The controversial results reported in the literature may be attributed to the large variability in the population studied, such as the broad age range, gender distribution and the presence of different diseases or drug regimens. Additionally, age-related changes in the vasculature including a widening of pulse pressure, 27 changes in heart rate, blood pressure and vascular resistance 28 may further complicate the evaluation of stiffness determinants. These controversial results suggest that it is necessary to identify the determinants of arterial stiffness markers in the absence of the potential contribution of age, gender or disease-related changes of the vasculature.
The purpose of the present study was to evaluate the role of blood pressure as a determinant of augmentation index and PWV in a homogeneous population of young, healthy males. We also measured central haemodynamics including stroke volume, cardiac output and total peripheral resistance. We found that DBP but not SBP is strongly correlated to both augmentation index and PWV.
Materials and methods

Study population and protocol
The study population included 77 young (23-35 years old), male volunteers who gave informed, written consent. Only male subjects were selected because augmentation index has been shown to differ between male and female subjects. 12, 14 All subjects were drug-free and judged to be healthy on the basis of medical history, physical examination, electrocardiogram and routine laboratory screening. Investigations were carried out in the Department of Nephrology at the University of Essen, Germany. The study was approved by the Ethics Committee of the University of Essen Medical School and was in accordance with the principles laid down in the Declaration of Helsinki.
Measurements were performed in a quiet, temperature-controlled (241C) room. On the study day, volunteers reported to the laboratory at 7-8 a.m. after an overnight fast to eliminate postprandial haemodynamic changes. During the investigation, subjects remained in the supine position. Each subject was instrumented with a blood pressure cuff and tape electrodes to measure transthoracic impedance. After a period of 30 min of complete rest, haemodynamic measurements were performed. All measurements were taken by the same investigator.
Anthropometric and haemodynamic parameters
Height and weight were measured and body mass index (BMI) was calculated as weight to height squared. Blood pressure (mmHg) was measured with a standard mercury sphygmomanometer with the disappearance of Korotkow's sound defined as DBP. Pulse pressure (PP) was calculated by substracting DBP from SBP. Mean arterial pressure (MAP) was defined as DBP plus one-third of PP. Heart rate (HR) (bpm) was calculated from the RRinterval of the electrocardiogram, which was recorded using a Siemens-Cardirex s multichannel ink jet recorder (Siemens Medizintechnik, Erlangen, Germany) as previously described. 29, 30 We used impedance cardiography to measure central haemodynamics. Impedance cardiography agrees closely with measurements obtained by Doppler echocardiography or thermodilution, 31 and is acceptable for clinical use particularly in studies investigating young subjects free from any cardiovascular disease. 32 In our laboratory, we have determined that the variability of stroke volume measured by impedance cardiography is less than 5.5% (expressed as coefficient of variation). 30 Stroke volume (SV) (ml) was measured by impedance cardiography using the standard approach with circular tape electrodes and graphical signal analysis according to Kubicek's equation. 33 A 'KardioDynagraph' was used to record changes in transthoracic impedance (Heinz Diefenbach Elektromedizin, Frankfurt, Germany). Cardiac output (CO) (1 Â min À1 ) was calculated as CO ¼ HR Â SV/1000. Total peripheral resistance (TPR) (dyne Â s Â cm À5 ) was calculated as MAP divided by CO.
Pulse transmission time (ms) was determined noninvasively from pressure tracings over the carotid and femoral artery as previously described. 34 PWV (m Â s À1 ) was calculated as the ratio between the distance travelled by the pulse wave and pulse transmission time. 34 Arterial stiffness and diastolic blood pressure J Nürnberger et al Augmentation index was calculated from pulse waves of the common carotid artery that were recorded by applanation tonometry. 1, 10 Data were collected directly into a portable computer; integral software was used to generate an averaged peripheral waveform (SphygmoCor, PWV Medical, Sydney, Australia). The systolic part of central arterial waveform is characterized by two pressure peaks. The first peak is caused by left ventricular ejection, whereas the second peak is a result of wave reflection. Augmentation index (%) is calculated as the height of the second systolic peak divided by the height of the first systolic peak expressed as a percentage and reflects the degree to which central arterial pressure is augmented by wave reflection. 1 
Statistical analysis
Simple linear regression analysis (Pearson) was applied to detect and describe strength and direction of correlations of augmentation index and PWV to haemodynamic and anthropometric parameters. Multiple regression analysis was applied to those parameters that were found to be significantly correlated to PWV or augmentation index using simple regression analysis. The number of subjects (n ¼ 77) in this study was within the range found in the literature (Tanaka et al The strength of correlation was quantified by the correlation coefficients of simple regression analysis (r). A P-value less than 0.05 was considered to be significant. All values have been expressed as means 7 s.e.m. Statistical analysis was performed with GB-Stat V6.0 for MS Windows (Dynamic Microsystems, Inc., Silver Spring, MD, USA).
Variables displaying high multicollinearity were transformed (centred) by subtracting the mean from each case. Variables were removed from multiple regression analysis if multicollinearity persisted after centring.
Results
The haemodynamic characteristics of the study population under resting conditions are summarized in Table 1 . Table 2 shows the results of simple and multiple regression analysis for augmentation index (Table 2a) and PWV (Table 2b) . Using simple regression analysis, augmentation index was positively correlated to age, DBP. MAP and TPR, and negatively correlated to PP. The relation between augmentation index and DBP is displayed in Figure 1 .
MAP was strongly intercorrelated with both DBP and PP even after centre transformation and was, therefore, removed from both multiple regression analyses. Thus, age, DBP, PP and TPR were submitted to multiple regression analysis using augmentation index as the dependent variable. After multiple regression analysis, augmentation index remained significantly correlated only to DBP (Table 2a) .
PWV was positively correlated to age, SBP, MAP, DBP and HR when simple regression analysis was applied (Table 2b ). The relation of PWV to DBP and HR, respectively, are displayed in Figures 2 and 3 . After multiple regression analysis, PWV remained significantly correlated only to age and DBP (Table 2) .
PWV and augmentation index were strongly correlated (P ¼ 0.0011, r ¼ 0.366).
Discussion
In the present study, we evaluated the role of the blood pressure as a determinant of augmentation index and PWV in 77 young, normotensive, healthy subjects with a small range in age (23-35 years old).
We found that DBP was strongly correlated to two stiffness markers, augmentation index and aortic pulse wave velocity in young, healthy males. In fact, DBP was the strongest determinant of augmentation index and PWV when both simple and multiple regression analyses were applied. Moreover, after multiple regression analysis DBP remained the only haemodynamic parameter correlated to both indices suggesting that DBP may be the strongest haemodynamic determinant of augmentation index and PWV in this study sample. These findings suggest that both augmentation index and PWV may be corrected for DBP when used in young, healthy subjects. Further studies with homogeneous study populations are required to determine precisely which method of correction should be applied and whether such correction is also needed in older individuals or females.
Markers of arterial stiffness including augmentation index have been correlated to cardiovascular Arterial stiffness and diastolic blood pressure J Nürnberger et al risk. 6, 36 Our finding of a strong relation between DBP and two measures of arterial stiffness in young, healthy males are consistent with the data from the Framingham study 37 and a report by Khattar et al, 38 suggesting that DBP may be a better measure of cardiovascular risk than SBP or pulse pressure in young, healthy males. The characteristic of aortic pressure amplification in young subjects may explain why DBP may be a better predictor of cardiovascular risk than SBP or PP in younger subjects. 19 In the elderly the reflected pulse wave returns to the aorta in the systole, thereby increasing SBP and PP. In contrast, in younger subjects the reflected pulse wave returns during the diastole because of a lower PWV, resulting in an increase in mean DBP. 19 Thus, peripheral SPB and PP may underestimate the effect of pulse wave reflection on central pressure amplification in younger people, suggesting that DBP may be a better predictor of risk in this age group. Arterial stiffness and diastolic blood pressure J Nürnberger et al
We used two methods to assess arterial stiffness. 25, 39 Both stiffness indices, augmentation index and PWV, were strongly correlated to DBP suggesting that DBP may be an important determinant of arterial stiffness. This is consistent with the report by Giannattasio et al describing a positive relation between pressure and arterial stiffness in humans. Moreover, it has been recognized that arterial stiffness in many species increases with the degree of loading. 41 The degree of loading is most significantly reflected by DBP, and, thus, a positive relation between DBP and arterial stiffness would be expected. We found that this relation still remained in a cross-sectional study independent of potentially confounding factors such as age, gender and cardiovascular disorders.
While in our study PWV was correlated (after multiple regression) only to DBP, it has been repeatedly reported that PWV was positively correlated to SBP. Many of these studies, however, were performed in populations with a wide age range. For instance, Sa Cunha et al 26 reported a positive relation between PWV and SBP in a study cohort with a mean age of 47 7 14 years (mean 7 s.d.). Similarly, Yasmin and Brown 18 found a positive relation between PWV and SBP in a cohort aged 19-71 years with a mean age of 39 7 7.7 years. Since SBP increases with ageing as a result of arterial stiffening, 1,28 a positive relation between stiffness measures and SBP may be observed. However, the mean age of our study population was 27.8 7 3.7 years and, thus, widely eliminating age-related changes of the cardiovascular system. While cardiovascular phenomena such as spurious systolic hypertension have been reported in young individuals, 42 we believe that our study population ranging from 23 to 35 years also remains largely unaffected by such maturational changes during growth.
Augmentation index was also correlated to age when simple regression analysis was applied. This relation was lost after multiple regression analysis probably as a result of the narrow age range (22.6-35.6 years) of our study population. Furthermore, augmentation index was also correlated to total peripheral resistance using simple regression analysis. This is physiologically plausible because augmentation is a function of pulse wave reflection and the magnitude of pulse wave reflection is critically determined by the extent to which the forward travelling pulse wave is reflected respectively adsorbed by the terminal vascular bed. An inverse correlation between augmentation index and body height has been described earlier and has been interpreted as a result of earlier wave reflection in short people. 13, 18, 43 In the present study, this association was not significant for several reasons. We studied only males and the relation between augmentation index and height is attenuated in males compared to females.
14 In addition, our study cohort was characterized by a small range in height with a mean of 182.8 7 7 cm compared to other studies with broader height ranges such as 168.5 7 19 cm 13 or 173 7 10 cm. 44 We also found a strong positive relation between HR and PWV when simple regression was applied. This relation has only recently received attention. Mangoni et al 45 demonstrated that arterial stiffness is altered by an increase in HR in rats. 45 Hence, this study supports the idea that PWV may be corrected for HR.
In summary, DBP is an important determinant of augmentation index and PWV in young, healthy males. Further studies are needed to characterize the impact of DBP on arterial stiffness in other populations including females and older subjects.
